Abstract Frost indices such as number of frost days (nFDs), number of frost-free days (nFFDs), last spring freeze (LSF), first fall freeze (FFF), and growing-season length (GSL) were calculated using daily minimum air temperature (T min ) from 23 centennial weather stations across Kansas during four time periods (through 1919, 1920-1949, 1950-1979, and 1980-2009). A frost day is defined as a day with T min <0°C. The long-and short-term trends in frost indices were analyzed at monthly, seasonal, and annual timescales. Probability of occurrence of the indices was analyzed at 5 %, 25 %, 50 %, 75 %, and 95 %. Results indicated a general increase in T min from 1900 through 2009 causing a decrease in nFDs. LSF and FFF occurred earlier and later than normal in the year, respectively, thereby resulting in an increase in GSL. In general, northwest Kansas recorded the greatest nFD and lowest T min , whereas southeast Kansas had the lowest nFD and highest T min ; however, the magnitude of the trends in these indices varied with location, time period, and time scales. Based on the long-term records in most stations, LSF occurred earlier by 0.1-1.9 days/decade, FFF occurred later by 0.2-0.9 day/decade, and GSL was longer by 0. 1-Climatic Change (2013) 120:169-181 
Introduction
The number of frost or freeze days affects natural and managed ecosystems (Robeson 2002) and human activities (Liu et al. 2008 ) and can be indicative of changes in extreme weather and climate events over time (Meehl et al. 2004 ). Some of these changes affect (1) human and animal disease distribution, (2) timing and reproduction of insects and pests, (3) species diversification in wetlands (Neustupa et al. 2011) , (4) crop yields (Pecetti et al. 2011 ), (5) seed production (Pons and Pausas 2012) , (6) biomass production (Potithep and Yasuoka 2011) , (7) plant photosynthesis (Oquist et al. 1993) , (8) bird migration, and (9) soil decomposition and mineralization rates. Numerous indices have been used to describe frost's impact on agriculture. The timing of the first frost day in spring and fall of each year, number of consecutive frost days, and duration of frost-free days (FFDs; growing season length) are common indicators of climatic limits on agricultural production. Variations in growing season length and the timing of freeze events also can be important indicators of climatic change that may not be represented in mean conditions (Robeson 2002) .
Detailed geographical and temporal variations of the frost indices can be beneficial for updating management decisions and planting date recommendations for local and regional agricultural production. Kansas has the second-most cropland acreage in the United States (Burnette et al. 2010) . Changes in frost indices can be indicators of climate variations within this region. A review of frost indices is given in Table 1 in supplementary material. A number of studies have examined variations in these indices for larger regions encompassing Kansas. No studies have compared the long-term trends in frost indices for different time periods in Kansas. Therefore, the main objective of this study was to examine long-term variation and trends in frost indices such as number of frost days (nFD), number of frost-free days (nFFD), last spring freeze (LSF), first fall freeze (FFF), and growing-season length (GSL) at four different time periods for Kansas using 23 centennial weather stations.
Definitions of indices

Frost or freeze days
A number of definitions of a frost or freeze day are available in the literature. In many studies, a frost day is defined as a day with a minimum air temperature (T min ) less than a base temperature (T b ). A number of values for T b have been chosen, some of which are presented in Table 1 in supplementary material. The most common value of T b is 0°C, but the "killing temperatures" for vegetation vary with plant species, and plant damage depends on the frost duration and severity (Christidis et al. 2007 ); therefore, a host of T b , namely −4.4°C, −2.2°C, 5.6°C (Robeson 2002) , 2.2°C (Schwartz and Reiter 2000; Goodin et al. 1995 Goodin et al. , 2003 , and 2°C (Potithep and Yasuoka 2011) , have been chosen to define a frost day. The European Environmental Agency (EEA) defines a frost day as a day with an average temperature less than 0°C (T b =0°C) (EEA; http://www.eea.europa.eu/data-and-maps/indicators/global-and-europeantemperature/global-and-european-temperature-assessment-4). In this study, consistent with most other studies, a frost day was defined as a day with T min <0°C (T b =0°C). nFDs
The number of days with frost. We determined the nFDs at monthly, seasonal, and annual time scales. nFFD
The number of days without frost. We added up the nFFDs at monthly, seasonal, and annual time scales.
LSF
The last day in March through May with T min <0°C for the last time until fall.
FFF
The day in September through November with T min <0°C for the first time since spring. GSL This is defined a number of ways in the literature, but in general, the GSL is based on the onset of spring and fall. If the focus is on vegetation growth rather than resilience, higher temperature thresholds of 10°C and 6.1°C were considered for the onset of spring and the end of autumn (Christidis et al. 2007 ) based on Davis (1972) . The number of days between the LSF and the FFF of the same year was used to determine GSL.
Data and statistical techniques used in the study
Daily minimum air temperature (T min ) data from 23 centennial weather stations spread across Kansas were downloaded from the High Plains Regional Climate Center (HPRCC)'s website. The location and period of records are provided in Fig. 1a and Table 2 in supplementary material (S.4), respectively. The records extended to the late 1800s for a few stations, but many started observations in the early 1900s; consequently, the start dates of the records were different, but the end dates were the same (2009). The records were selected to cover non-overlapping 30-year timespans backward from 2009. The four time periods were through 1919, 1920-1949, 1950-1979, and 1980-2009 . Weather stations were selected for their long-term quality based on criteria such as consistent observation times, low potential for heat-island bias, and other quality assessments (Robeson 2002; Easterling et al. 1999) . More details on the data quality are provided in supplementary material (S.1).
Fitting least squares linear trends to the temperature data is the most common method used for trend analysis (Santer et al. 2000) . In this study, linear trends in T min and the frost indices (nFD, nFFD, LSF, FFF, and GSL) were estimated by trends to the data using linear regression. A variant of the t-test calculated the significance of the trend and accounted for the serial auto-correlation in the time series. The methods are described briefly in the Supplementary Material, and detailed information can be obtained from Wigley et al. (2006) and Santer et al. (2000) .
The probability of occurrence of LSF, FFF, and GSL were calculated using exceedence [r(x)] and non-exceedence probabilities [1−r(x)], which in turn were calculated from their cumulative probability distribution function (CDF), F(x), using Eq. 1.
where x is the values of the predictand at different time periods. Sample size for the short term was 30 years (n=30); for the long term, size varied (n=100-120) depending on the period of records. 1920-1949, 1950-1979, 1980-2009) across 23 stations. In these time periods, each station has 30 values of LSF. Each column in the figure represents the distribution for a time period and is made using 690 values (30×23). c-e Plot of day of LSF (x-axis) vs. elevation, latitude, and longitude (y-axis) for 23 stations. f-k Distribution of trends/decade across three time periods (1920-1949, 1950-1979, 1980-2009) (through 1919, 1920-1949, 1950-1979, 1980-2009 1920-1949; blue: 1950-1989; gray: 1980-2009) months . We observed no clear difference among the four time periods in the monthly distributions of T min values. Differences in long-and short-term linear trends in monthly, seasonal, and annual T min were observed at all 23 stations. Trends in annual average T min for all 23 stations (are shown in Fig. 3 in supplementary material. Among the stations, 12 exhibited (11 were significant) an increase of 0.1°C/decade (Elkhart had 0.2°C/decade increase), nine stations had no change, and the remaining two stations showed a significant decrease of 0.1°C/decade in long-term T min values (Ashland and Colby). In the winter season (DJF), a few stations (7) showed an increasing T min long-term trend (Saint Francis, Atchison, Minneapolis, Lakin, Larned, and Elkhart). More than half of the stations (13) exhibited no change, whereas the remaining three stations (Ashland, Colby, and Sedan) had a 0.1 to 0.2°C/decade decrease in T min (data not shown). A guide for interpreting the results presented in Figs. 3-6 is provided in Fig. 1 in the supplementary material.
nFD and nFFDs
The nFDs among the 23 stations for the four time periods are shown in Fig. 2c-d . In general, frost occurs in Kansas during 7 months: January through April and October through December; however, a few instances of frost occurrences were found in May, August, and September. In general, January had the highest nFDs, followed by December and April, and October had the fewest nFDs. Consistent with results for T min , northwest Kansas (Oberlin) had the greatest nFD, and southeast Kansas (Columbus) had the least nFD for most time periods and months. Interestingly, Fig. 2c-d shows that, except for the month of March, all other months with frost had a higher frequency of nFDs in the most recent time period . The shift in the distribution toward higher nFDs was more pronounced in Fig. 3 Five-year moving averages (thin blue lines) and linear trends in the number of frost days (nFDs) in the 23 centennial stations in Kansas are shown. A single trend was calculated for the entire period of record (red line), and multiple trend lines were calculated for three time periods (1920-1949, 1950-1979, 1980-2009 ) (short black lines). The subplots in the figure are arranged in their approximate geographical locations. The numbers in the subplots represent the trend in days/decade, and significant trends are in italics and bold. The long-term trend value is in red (top), and the three values in black (bottom) are the short-term trends for the three time periods April (late spring) and October (mid-fall) than in other months with frost occurrence, which indicates that during April, the most recent period (1980-2009) has a higher frequency of nFDs (5 to 11/month) compared with previous time periods. A shift in the lower extreme distribution (fewer nFFDs) can be observed from the PDFs in Fig. 2 in supplementary material.
We observed differences in long-term and short-term linear trends in monthly, seasonal, and annual nFDs in all stations across the state. Figure 3 provides the annual trends for all 23 stations. From the long-term annual trends, we can observe an overall decrease (16 of 23 stations) in nFDs. The overall decreases in nFDs vary from 0.1 day/decade (Oberlin) to 2.4 day/decade in Elkhart, which also had the largest increase in T min (0.2°C change per decade) in the state. Six stations showed an increase in nFDs. Among them, Ashland had the highest increase (1.9 day/decade), Tribune and Independence had the least increase (0.2 day/decade), and no change was observed at McPherson. Interestingly, most stations in eastern Kansas showed an increase in nFDs in the most recent time period, whereas stations in western Kansas showed a decrease; however, a similar pattern did not occur in the long-term trends. Trends of nFDs varied among the seasons (Fig. 4 in supplementary  material) . More stations in the state recorded a decrease in nFDs in the fall (16 stations), followed by spring (15 stations) and winter (11 stations; 9 significant). We observed variations in short-and long-term, monthly, and seasonal trends. These differences are illustrated in spring in Fig. 5 in supplementary material.
Last spring freeze (LSF) and first fall freeze (FFF)
In this section, the results of the trends and their significance and the probability of occurrences for long (entire record period) and short (three 30-year periods) periods of records are presented for LSF and FFF. Fig. 4 Ten-year moving averages (thin blue lines) and linear trends in the day of last spring freeze (LSF) at the 23 centennial stations in Kansas are shown. A single trend was calculated for the entire period of record (red line), and multiple trend lines were calculated for three time periods (1920-1949, 1950-1979, 1980-2009 (Fig. 1c) , (2) station latitude and day of LSF (Fig. 1d) , and (3) station longitude and day of LSF (Fig. 1e) . Also, a change was observed in elevations along east-west (longitudes) and northsouth (latitudes) directions. Elevations of the southeastern stations are lower than those in the northwestern part of the state and recorded an earlier LSF as expected. Elevation differences can be seen in Fig. 1a .
For the study period, the probability of LSF for individual stations was calculated and provided in supplementary material (Table 3 ). It was observed that the earliest LSF occurred in Independence (eastern part) on 28 February 1905. The earliest LSF in the state was also in Independence on 20 March, 29 March, 6 April, 13 April, and 23 April at 5 %, 25 %, 50 %, 75 %, and 95 % probabilities, respectively. The latest LSF occurred in Medicine Lodge on 31 May 1998. In general, LSF occurred in Colby (western part) at a later part of the study period on 15 April, 2 May, 12 May, and 20 May at 5 %, 50 %, 75 %, and 95 % probabilities, respectively, and it occurred in Tribune on 24 April at 25 % probability. These results indicate a one-month lag in LSF occurrence within the state.
The probability distribution of LSF across 23 stations in the three shorter time periods is plotted in Fig. 1b . The figure shows that the LSF generally occurred earlier in the spring season.
Time series and trend lines in FFF are illustrated in Fig. 5 . The FFF occurred in October in most years. In contrast to LSF, the western part of the state recorded its FFF earlier than that in the , and multiple trend lines were calculated for three time periods (1920-1949, 1950-1979, 1980-2009 ) (short black lines). The subplots in the figure are arranged in their approximate geographical locations. The numbers in the subplots represent the trend in days/decade, and significant trend are in italics and bold. The long-term trend value is in red (top), and the three values in black (bottom) are the short-term trends for the three time periods eastern part, resulting in a shorter growing season in the west. This result is related to the eastwest and north-south change in elevations in the state (Fig. 6a-c in supplementary material) ; the southeastern stations are at a lower elevation than those in the northwestern part of the state. In general, long-term FFF increased significantly at 17 stations, ranging from 0.2 to 0.9 day/decade. Columbus recorded the highest increase of 0.9 day/decade. Colby had no change in FFF, and five stations (Ashland, Medicine Lodge, Winfield, and Horton) had a reduction in FFF by 0.1 to 0.7 day/decade. The decrease in FFF was not significant in Tribune. This general increase in FFF in the state indicates that the first frost day is occurring later in the season. Although some stations show a long-term decrease in FFF, LSF increased consistently across all stations for 1980-2009, indicating a shift toward a later occurrence of the first frost days in the fall.
The probability (exceedence probability statistics) of FFF for individual stations for the entire period of record is provided in Table 4 in supplementary material. Among the stations in the state, the earliest FFF occurred in Oberlin (western part) on 16 September, 27 September, 7 October, 13 October, and 25 October at 5 %, 25 %, 50 %, 75 %, and 95 % probabilities, respectively. The latest FFF occurred in Independence (eastern part) on 9 October, 21 October, 29 October, and 5 November at 5 %, 50 %, 75 %, and 95 % probabilities, respectively, which indicates a 15-20 day lag in FFF occurrence within the state. Although many stations indicate a later FFF, the distribution of FFF across 23 stations in three short time periods (Fig. 6d in supplementary material) individually does not clearly indicate that the FFF is occurring later in the fall.
Growing season length (GSL)
We calculated GSL for each station, and the time series and trend lines are plotted in Fig. 6 . In general, the growing season extended from late April to early October. Most stations (20) Fig. 6 Ten-year moving averages (thin blue lines) and linear trends in the growing season length (GSL) at the 23 centennial stations in Kansas are shown. A single trend was calculated for the entire period of record (red line), and multiple trend lines were calculated for three time periods (1920-1949, 1950-1979, 1980-2009 ) (short black lines). The subplots in the figure are arranged in their approximate geographical locations. The numbers in the subplots represent the trend in days/decade, and significant trend are in italics and bold. The long-term trend value is in red (top), and the three values in black (bottom) are the short-term trends for the three time periods in the state showed an increase in GSL (0.1 to 1.9 day/decade), with only Horton, Ashland, and Tribune showing a slight decrease (0.1 to 0.8 day/decade). The highest increase in GSL was in Larned (2.5 days/decade). In general, the eastern part of the state has a longer growing season than the western part (earlier LSF and later FFF). This can be attributed to east-west and north-south elevation gradients in the state (Fig. 7a-c in supplementary  material) ; the southeastern stations are at a lower elevation than those in the northwestern part of the state.
The probability of GSL for individual stations is provided in Table 5 in supplementary material. In general, the stations in the western part of the state (Colby, Oberlin, and Tribune) had the shortest GSL of about 130, 143, 156, 171, and 182 days at 5 %, 25 %, 50 %, 75 %, and 95 % probabilities, respectively. The longest GSL of 177, 195, 207, 216 , and 233 days occurred in Independence (eastern part) at 5 %, 25 %, 50 %, 75 %, and 95 % probabilities, respectively. The distribution of GSL across the 23 stations in the three short time periods (Figs. 7d and 10 in supplementary material) indicates that, in general, the length of GSL is increasing. Based on these figures, it can be concluded that the growing season starts earlier in the spring season and extends later into the fall season in Kansas.
The distribution of trends for T min and frost indices (nFD, LSF, FFF, GSL) across the three time periods (1920-1949, 1950-1979, and 1980-2009) were studied using boxplots ( Fig. 1f-k) . There was no clear monotonically increasing or decreasing rate of change across the periods; however, the median rate of change during the 1950-1979 period was lower (e.g., T min , nFDs in April, LSF, FFF, GSL) when compared with the other two time periods. At 50 % probability, the rate of change in Tmin, nFDs in April, LSF, and FFF during the 1980-2009 period was higher when compared with the 1950-1979 period, while the rate of change for GSL was less. At 50 % probability, the mean monthly T min during the winter, early spring, and late fall seasons during 1950-1979, were lower when compared with the 1920-1949 and 1980-2009 periods (Fig. 2) .
Discussion and conclusion
Results from the analysis (both short-term and long-term) of T min and frost indices from 23 centennial stations indicated general increases in average T min , nFFD, and GSL and a reduced nFD. An observed increase in GSL was due to earlier timing of LSF in the year, whereas the FFF occurred later in the year. While considering the entire period of records, we observed about a one-month lag in LSF occurrence within the state, with the earliest occurrence recorded in Independence (eastern part) between 20 March and 23 April at 5 % and 95 % probabilities, respectively, and the latest occurrence in Colby (western part) between 15 April and 20 May at 5 % and 95 % probabilities, respectively. About a onemonth lag in the occurrence of FFF also occurred within the state, with the earliest occurrence in Oberlin (western part) between 16 September and 25 October at 5 % and 95 % probabilities, respectively, and the latest occurrence of FFF in Independence (eastern part) between 9 October and 5 November at 5 % and 95 % probabilities, respectively. In general, the stations in the western part of the state (Saint Francis, Colby, Oberlin, and Tribune) had the shortest 130 and 182 days at 5 % and 95 % probabilities, respectively, whereas the longest GSL of 177 and 233 days occurred in Independence (eastern part of the state) at 5 % and 95 % probabilities, respectively.
The trends in frost indices were found to vary across the stations, time periods, and time scales (monthly, seasonal, and annual) . Based on the long-term records, LSF occurred earlier at the rate of 0.1 to 1.9 days/decade, FFF occurred later at the rate of 0.2 to 0.9 day/decade, and GSL was longer at the rate of 0.1 to 1.9 day/decade in most stations. No clear monotonically increasing or decreasing trends were found in the indices across all three time periods. Decreases in nFDs are often assumed to be linked to increasing nighttime temperature; however, in a single location, regional patterns are correlated to various interrelated physical processes such as changes in regional atmospheric circulation, topography, etc. (Meehl et al. 2004; Goodin et al. 1995 Goodin et al. , 2004 . Advection frosts are most common in Kansas during the winter months and occur when a cold mass of air moves into an area and lowers the surface temperature below freezing (Goodin et al. 1995 (Goodin et al. , 2004 . Higher elevations and drier air in the northwest yield earlier FFF and later LSF. This spatial and temporal pattern is similar to that found in Oklahoma (Johnson and Duchon 1995) . Within Kansas, hillier areas, such as the Flint Hills region, tend to have a more complex spatial pattern and earlier fall and later spring freezes. These results are also consistent with results reported by Rahimi et al. (2007) .
Our results added local precision to the earlier findings that encompassed larger areas, including Kansas (Feng and Hu 2004) . The long-term trend in our study indicated a general increase of 0.1°C/decade for a period of more than 100 years (up to 2009), which, except for a few local variations, demonstrates that the local trend was slightly less than the global increase of 0.2°C/decade increase in global T min for the period 1950-2004 (based on Vose et al. 2005) . Rounding of trend values to a second decimal place resulted in trends in the range of −0.05-0.05°C/decade at some stations to have a trend of zero. Still lower trends in summer T min (0.05°C/decade and 0°C/decade) can be observed in Kansas from the contour plots in Fig. 6b in Feng and Hu (2004) . Reduction in nFDs during 1950-95 was observed in the land areas in the northern hemisphere in North America (Kiktev et al. 2003) . Variations in the trends in nFDs across time periods and stations in the region are consistent to the results from Terando et al. (2012a) . They found the pattern observed in parts of the central USA for frost days are consistent with the so-called "warming hole" (the largest area of cooling in the central US). Christidis et al. (2007) found an increase in GSL (1.5 days/decade) in North America, with negative trends in certain parts due to local variations for the period 1950-1999. Their results showed that the increase in GSL was due to an earlier start of the growing season (decrease in LSF, or earlier spring) and no change in the end of growing season, and these results are in agreement with Schwartz and Reiter (2000) . They observed earlier spring by 5-6 days during a 35-year (1959-93) record in North America, but they found LSF was highly variable and changed in a non-linear fashion, even though they defined a frost day as a day with T min <−2.2°C. In Fig. 7 in Feng and Hu (2004) , the trends for Kansas during 1951-2000 show an earlier start of spring by 0.5 to 2.5 days/decade, 0.5 day/decade change in FFF, and −0.5 to 1.5 days/decade change in GSL. Our results are consistent with Feng and Hu (2004) , and they indicate that the increase in GSL was due to both an earlier start of the growing season and a later ending of the growing season (increase in FFF) in most parts of the state, with some negative trends in certain parts of the state due to local variations. Our results differ, however, from Schwartz and Reiter (2000) and Christidis et al. (2007) , which showed no change in FFF. These differences could be because continental-scale results are only rough guides of regional changes (Christidis et al. 2007) .
Little work has been done on the synoptic climatology of freeze events at the start and/or end of the growing season for Kansas. Last frosts in the spring are likely related to clear skies and weak winds that occur with cP air mass presence following the passage of a wave cyclone that advects cold and dry air into the central Plains. For some Kansas weather stations that are located in river valley locations, cold air drainage along with a decoupling of the boundary layer assist in creating spatially anomalous temperatures in the valley bottoms during periods of weak southerly winds. It is likely that an anomalous northerly component to the upper-level flow pattern and strong cold air advection associated with the backside of a vigorous wave cyclone is needed to generate an advection frost, bringing in the dry air for the first freeze in autumn (Goodin et al. 1995 (Goodin et al. , 2004 .
Most of the work on teleconnections between sea surface temperature or pressure anomalies, whether one is thinking about ENSO, the NAO, or the AO, has addressed the winter and summer seasons (Ropelewski and Halpert 1986; Hurrell and van Loon 1997) , resulting in a need for research to examine the transition seasons in more detail. Goodin et al. (2003) examined the weak seasonal correlations between teleconnection patterns that do exist for ENSO, NAO, and other indexes in relation to grassland productivity at the Konza Prairie Biological Station in the Flint Hills. Strongest correlations, which explained less than 25 % of the variance, were associated winter and summer.
To attribute the changes in the frost indices to either natural and/or anthropogenic forcing, previous studies have forced the global climate models (GCMs) with major natural and anthropogenic forcings that act on the climate system in the twentieth century. For the period 1950-1999, Christidis et al. (2007) attributed the change in GSL in North America, to just anthropogenic forcing, while Meehl et al. (2007) attributed the decrease of nFDs and an increase in GSL in USA, to anthropogenic and natural forcings. Leibensperger et al. (2012) suggests that US anthropogenic aerosols may be the drivers of changes in circulation causing central US cooling. The difficulties and limitations in attributing observed changes to the external forcings at regional scales are discussed in a number of studies (Stott et al. 2010; Wu and Karoly 2007; Terando et al. 2012a; Terando et al. 2012b) . Attributing the changes in Kansas to external forcings and comparing these changes with the model simulations (past and future) and AGMIP can be a continuation of this study and is deferred for future work.
